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Abstract 

Using 14 million ip(2S) events accumulated at the BESII detector, we report first mea- 
surements of branching fractions or upper limits for ip(2S) decays into ^ypp, 72(7r + 7r~), 
-fK^K+n- +c.c, jK+K-it+tt-, jK*° K~ir + + c.c, -yK*°K*°, jtt + tt~ P P, j2(K + K~), -f3(ir+TT~), 
and 72(-7r + 7r - )K + K~ with the invariant mass of hadrons below 2.9 GeV/c 2 . We also report branch- 
ing fractions of ip(2S) decays into 2(-7r + 7r - )7r°, ujtt + tt~ , cj/2(1270), bfir^, and tt 2(tt + tt~)K + K~ . 

PACS numbers: 13.20.Gd, 12.38. Qk, 14.40.Gx 
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Besides the conventional meson and baryon states, QCD also predicts a rich spectrum 
of glueballs, meson hybrids, and multi-quark states in the 1.0 to 2.5 GeV/c 2 mass region. 
Therefore, searches for the evidence of these exotic states play an important role to test 
QCD. Such studies have been performed in J/ip radiative decays for a long time [H, Ej], 
while studies in ip(2S) radiative decays have been limited due to low statistics in previous 
experiments 0,0]. The radiative decays of_0(2S f ) to light hadrons are expected to contribute 
about 1% to the total i/j(2S) decay width [4J. However, the measured channels only sum up 
to about 0.05% 0|. 

In this Letter, we present first measurements of ip(2S) decays into ^ypp, 72(-7r + 7r~), 
jK^K+tt- + c.c, ^K+K^ti+tx^, -fK*°K~7i + + c.c, -fK*°K*°, j7i + 7i~pp, j2(K + K~), 
73(7r + 7r~), and / j2(ti + 'k^)K + K~ , with the invariant mass of the hadrons (mhs) less than 
2.9 GeV/c 2 for each decay mode. Measurements of ip(2S) decays into 7r°2(7r + 7r~) and 
~)K + K are also presented and are used for estimating backgrounds contribut- 
ing to ip{2S) decays into 72(7r + 7r~) and r y2{n + it~)K + K~ , respectively. 

The data samples used in this analysis consist of (14.00 ± 0.56) x 10 6 ip{2S) events 
(£ = 19.72 pb _1 ) and 6.42 pb _1 of continuum data at y/s = 3.65 GeV, acquired with the 
BESII detector. BESII is a conventional solenoid magnetic detector (5], which consists of a 
vertex chamber (VC), a main drift chamber (MDC), a time-of- flight (TOF) system, a barrel 
shower counter (BSC), and a muon counter. MDC also measures the energy loss (dE/dx) 
for particle identification. A GEANT3 based Monte Carlo (MC) program [6J is used for the 
simulation. 

A common set of requirements is used to select charged tracks and photon candidates 
for all channels. Each charged track is required to be well fitted to a helix in the MDC, to 
be within the polar angle region | cos#| < 0.8, and to have a transverse momentum larger 
than 70 MeV/c. The total charge of the good charged tracks in each event is required to 
be zero. Each photon candidate is required to have an energy deposit in the BSC greater 
than 50 MeV, to be isolated from charged tracks by more than 15°, and to have the angle 
between the cluster development direction in the BSC and the photon emission direction 
less than 37°. 

For each decay mode, the number of charged tracks is required to be equal to the number 
of charged stable hadrons in the corresponding final state. The TOF and dE/dx mea- 
surements of the charged track are used to calculate Xpid varues an d the corresponding 
confidence levels (C.L.) for the hypotheses that the particle is a pion, kaon, or proton. All 
charged tracks in the selection of ip{2S) — > 7pp, 72(7r + 7r _ ), and r ]2(K + K~) are required to 
be consistent with the proton, pion, or kaon assumption with the corresponding C.L. greater 
than 1%. For ip(2S) — > / -fK + K~7r + 7r~ , 77r + 7r~pp, and / y2(n + ir~)K + K~ , only two charged 
tracks are required to be identified as kaons or protons, respectively. 

Next, the selected charged tracks and the photon with the largest energy are fitted kine- 
matically using energy and momentum conservation constraints (4C), and the combined 
probability, prob(xlomi n ^f) * s required to be greater than 1%, where ndf is the number of 
degrees of freedom and Xcom * s the sum of the \ 2 °f the kinematic fit (xlc) an d particle iden- 
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tification (xpid^)); xlom = SXpidW + x\ci where i runs over all charged tracks. For 

i 

?p(2S) — > 7r°2(7r + 7r _ ) and tt°2{tt + tt~)K + K~ , if there are more than two photons in an event, 
the photon-pair with the minimum xlom * s chosen. To remove background from charged 
particle misidentification, the x 2 om f° r the signal hypothesis is required to be less than those 
for background. 

To select / -fK s K + 7T~ + c.c. events, the K s candidate must have a decay length in the 
transverse plane greater than 0.5 cm. In selecting ip{2S) — > 'K~ir + 7T~ , contaminations 
from ip(2S) — > / -fK s Kn is removed by requiring the invariant mass of the two pions to be 



outside of the K s mass region, i.e. 



- m K o | > 0.04 GeV/c 2 



To reject ip{2S) transitions into other charmonium states, rrih s is required to be less than 
2.9 GeV/c 2 for each decay mode. If there is possible background from ip(2S) — > n + -k~ J / , 



it is removed by requiring \m^ e ^ oil 
from each possible 7r + 7r~ pair. 



■m 



j/1> 



> 0.05 GeV/c 2 , where m^ e( ^ a is the mass recoiling 
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FIG. 1: Invariant mass distributions of the hadrons in each final state (dots with error bars). The 
shaded histograms are backgrounds. 

Figure [1] shows invariant mass distributions of the hadrons for ip(2S) — > 'ypp, 72(7r + 7r~), 
^K s K + tt~ + c.c, ^K + K~ir + 7T~ , ^2(K + K~), , yir + 7r~pp, r y2(7r + 7T~)K + K~ , and 73(7r + 7r~) 
below 2.9 GeV/c 2 , where backgrounds are shown as shaded histograms. The backgrounds 
of each decay mode fall into three classes: QED processes, estimated using the continuum 
data; multi-photon backgrounds, e.g. ip(2S) — > it + hadrons, 37 + hadrons, etc., where 
the hadrons have the same charged tracks as the signal final state, estimated with the 
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MC simulation and normalized according to their branching fractions [3|, |7|, ISfl; an d other 
backgrounds, estimated using the inclusive ip(2S) decay MC sample The results show 
that the multi-photon backgrounds are dominant; the QED background, and the other 
backgrounds, including contamination between studied channels are lower. The observed 
x\c distributions include both signal events and these backgrounds (see Fig. |2]). 
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FIG. 2: The fitted x\c distribution for ip(2S) — ► j2(tt + 'k~) candidate events. The dots with error 
bars are data. The solid line is the fitted result with the four components: signal events (dashed 
line), MC simulated multi-photon backgrounds (dotted line), QED processes (hatched histogram), 
and the other backgrounds (dot-dashed line). 



The number of signal events is extracted by fitting the observed x\c distributions with 
those of the signal and background channels [lOj, i.e. xlbs = w sX 2 S i g + Yl Wb w biX 2 g y where 



w s and W} Ji are the weights of the signal and the background decays, respectively. As an 
example, Fig. [2] shows the x 2 distribution observed for ip(2S) — > 72(7r + 7r~), together with the 
fitted x 2 distributions for the signal, multi-photon, QED, and other background channels. 
In the fit, the weights of the multi-photon backgrounds and the QED backgrounds are 
fixed to be the normalization factors, but the weight of the signal (w s ) and the weight of 
the other backgrounds (wt) are free. With this method, the numbers of signal events are 
extracted for each decay mode with rrihs < 2.9 GeV/c 2 and are listed in Table [B 

In Fig. []Ja) there is an excess of events between pp threshold and 2.5 GeV/c 2 , but no 



significant narrow structure due to the X(1859) observed in J/ip — > "fpp [111 ]. A fit of 
the mass spectrum with an acceptance-weighted S-wecve Breit-Wigner for the X resonance 
(with mass and width fixed to 1859 MeV/c 2 and 30 MeV/c 2 , respectively), together with MC 
simulated background channels along with ip(2S) — > ^pp phase space background 12j yields 
11.7 ± 6.7 events with a statistical significance of 2.0a. The upper limit on the branching 
fraction is determined to be B[ip(2S) -> 7X(1859) -> -/pp] < 5.4 x 10~ 6 at the 90% C.L. 

There is a clear K*°(K*°) signal in the Kit invariant mass spectrum for ip(2S) — > 
'jK + K~7T + ir~ candidates. The ip(2S) —> 'jK*°K~7r + + c.c. and ^K*°K* Q branching fractions 
are measured. The ip{2S) — > , ~fK* K~7T + + c.c. branching fraction includes the contribution 
from the ip(2S) —> •jK*°K* , and the ip(2S) — > •yK*°K7i detection efficiency includes the 
effect of this contribution. Table [I] summarizes the branching fractions or upper limits for 
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TABLE I: Results for ip(2S) — > 7 + hadrons. For each final state, the following quantities are 
given: the number of events for m\ is < 2.9 GeV/c 2 in ip(2S) data, N Tot ; the number of background 
events from ip(2S) decays and QED processes, N Bg ; the number of signal events, N Sl9 ; and the 
weighted averaged efficiency, e; the branching fraction with statistical and systematic errors or the 
upper limit on the branching fraction at the 90% C.L. Possible interference effects for the modes 
with intermediate states are ignored. 



Mode 


N Tot 


N B 9 


]S[Sig 


<%) 


B(xl0~ 5 ) 


1PV 


329 


187 


142 ± 18 


35.3 


2.9±0.4±0.4 


72(7r + 7r _ ) 


1697 


1114 583 ±41 


10.4 


39.6±2.8±5.0 


-fK Q s K +7T- + c.c. 






115 ± 16 


4.83 


25.6±3.6±3.6 


jK + K~tt + it~ 


361 


229 


132 ± 19 


4.94 


19.1±2.7±4.3 


7 K*°K+n- + c.c. 






237 ± 39 


6.86 


37.0±6.1±7.2 


jK*°K*° 


58 


17 


41 ±8 


2.75 


24.0±4.5±5.0 


r y7r + TT~pp 


55 


38 


17 ±7 


4.47 


2.8±1.2±0.7 


-iK+K-K+K- 


15 


8 


< 14 


2.93 


< 4.0 


73(7T + 7T - ) 


118 


95 


< 45 


1.97 


< 17 




17 


13 


< 15.5 


0.69 


< 22 



the ip{2S) radiative decays analyzed. We also report the differential branching fractions of 
ip(2S) decays into 'ypp, 72(7r + 7r~), / -fK + K~7r + 7T~ , and / yKgK + 7T~ + c.c, as shown in Fig. [31 
For ip(2S) decays into 7r°2(7r + 7r~) and it 2{ti + n~)K + K~ , the event selections are similar 
to those for ip(2S) — > 72(7r + 7r~) and / j2(ir + 7r~)K + K~ , respectively, but two photons are 
required. The numbers of signal events are obtained by fitting the photon pair invariant 
mass distributions, and the results are listed in Table HT1 For ip(2S) — > 7r°2(7r + 7r~) candidate 
events, intermediate resonances including a [/o(600)], /2(1270), u, and &i(1235) are observed 
in the invariant mass distributions of two pions, three pions, and urn, as shown in Fig. HI The 
results for these resonances are given in Table Hit together with the world averaged values 0], 
and Q h [= 6(^(25) -> h)/B(J/?p -> h)}. Our measurement of B[tp(2S) -> w/ 2 (1270)] agrees 
with the previous measurement using the same data sample; thus it cross checks the previous 



result 

Table IILTI lists the sources of the systematic errors on the branching fractions. The system- 
atic error caused by MDC tracking and the kinematic fit is estimated by using simulations 
with different MDC wire resolutions [gj]. The systematic errors on photon and charged 
particle identification are taken as 2% per photon Q and 2% per charged particle 0, re- 
spectively. The difference of the fit to the xtc distribution between MC simulation and 
data for ip{2S) — > 7Xco, Xco hadrons is about 3%, which is taken as the systematic er- 
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ror of the x fit method. The uncertainty of the total number of ip(2S) events is 4 
the uncertainty of the background estimation varies from 1-25% depending on the channel 
and background level, and the uncertainties of the branching fractions used are taken from 
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FIG. 3: Differential branching fractions for ip(2S) decays into 'jpp, 72(7r + 7r _ ), -yK + K~ir + ir~ , and 
"fKgK Jr TT~ + c.c. Here is the invariant mass of the hadrons in each final state. For each point, 
the smaller vertical error is the statistical error, while the bigger one is the sum of statistical and 
systematic errors. 



Ref. |3[. Adding up all these sources in quadrature, the total systematic errors range from 
7 to 28% depending on the channel. 

In Fig. [HI broad peaks appear in the m p p and distributions at masses 1.9-2.5 GeV/c 2 
and 1.4-2.2 GeV/c 2 , respectively, which are similar to those observed in J/ip decays into 
the same final states [ill, 
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The possible structure within these broad peaks cannot be 
resolved with our samples. No obvious structure is observed in the other final states with the 
current statistics. The branching fractions below rrihs < 2.9 GeV/c 2 in this Letter sum up 
to 0.26% [l6| of the total ip(2S) decay width, which is about a quarter of the total expected 
radiative ip{2S) decays. This indicates that a larger data sample is needed to search for 
more decay modes and to resolve the substructure of the ip(2S) radiative decays. 

In summary, we report first measurements of the branching fractions oiijj(2S) decays into 
^pp, 72(7r + 7r~), 'jKgK + n~ + c.c, "yK + K~n + n~ , 'jK*°K~tt + + c.c, 7^*°^*°, 'j7i + TT~pp, 
r y2{K + K~), 73(7r + 7r~), and ^2(ir + ii~)K + K~ , and the differential branching fractions for 
ip(2S) decays into 'ypp, 72(7r + 7r~), / -fK + K~7T +/ n-~ , and / -fKgK + 7i~ + c.c. with less than 
2.9 GeV/c 2 . The branching fractions for ip(2S) decays into ir°2(ir + ir~)K + K~ are measured 
for the first time. The measurements of ip(2S) decays into 7r°2(7r + 7r~), u;7r + 7r _ , and bfir T 
are consistent with the recent measurements by the CLEO collaboration [l7| and previous 



7 




m(7iV) (GeV/c 2 ) 



m{am ± ) (GeV/c 2 ) 



FIG. 4: Invariant mass distributions with fits for ip(2S) — > '), where dots with error 

bars are data; the solid histograms and curves denote the fit results, (a) 77; (b) ir + 7r~ir° with 
|m 77 - 0.135| < 0.03 GeV/c 2 ; (c) it + tt~ with {m^-^o - 0.782| < 0.05 GeV/c 2 ; and (d) wvr ± with 
w/2(1270) events removed for the ip(2S)^- > 7r°2(7r + 7r~) candidate events. Resonance parameters 
are fixed to their world averaged values 



TABLE II: Results of ip(2S) — > 7r° + hadrons. Here N Stg is the number of signal events, e is the 
detection efficiency, B is the measured branching fraction, ,g PDG is the world averaged value, and 
Qh is defined in the text. 



Mode: h 



N Sig e(%) e(xl0~ 4 ) 5 PDG (xl0" 



Q h (%) 



7r°2(7r + 7r~) 

UHT + TT~~ 

w/ 3 (1270) 



2173 ±53 6.32 24.9 ±0.7 ±3.6 23.7 ±2.6 10.5 ± 2.0 

386 ±23 3.74 8.4 ±0.5 ±1.2 6.6 ± 1.7 11.7 ±2.4 

57 ± 13 3.65 2.3 ±0.5 ±0.4 2.0 ± 0.6 5.4 ± 0.6 

202 ±21 3.24 5.1 ±0.6 ±0.8 3.6 ± 0.6 17.0 ± 4.2 



■k°2(tt + -k~)K + K~ 65 ± 17 0.46 10.0 ±2.5 ±1.8 



measurements [3|. 
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TABLE III: Summary of the systematic errors. 



Source 

Wire resolution 
Photon detection 
Particle identification 
Signal fit 

Background estimation 
Number of ip(2S) 
Intermediate states 
Total 



Uncertainty 

5-14% 
2%/photon 
2%/track 
3% 
1-25% 



/C 



1- 



7-28% 
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